Acute myeloid leukemia (AML) is a clinically and molecularly heterogeneous disorder. The treatment for AML remains largely unchanged over the last several decades, with high-dose chemotherapy remaining the mainstay of therapy ([@r1]). Although a majority of patients achieve remission following induction chemotherapy, most will relapse, leading to a 5-y survival rate of 29% ([@r2]). This has created an impetus to explore novel therapeutic approaches. Immunotherapies, such as immune checkpoint inhibitors (CPI), are treatments used to provoke the immune system to attack tumor cells ([@r3][@r4]--[@r5]). To date, this interest in testing CPI therapy in AML has resulted in over 30 clinical trials ([@r6]).

The rationale for using CPIs is based on the hypothesis that T cells in the tumor microenvironment (TME) are exhausted or suppressed by the presence of immune suppressive factors ([@r7]). A link between tumor-infiltrating T cells and outcome has been noted in several types of cancer and has been interpreted as an indication of immune recognition of the tumor ([@r8][@r9][@r10][@r11][@r12][@r13]--[@r14]). Currently, the functional status of T cells in the bone marrow of patients with AML remains unclear and there is little consensus on whether there is a role for T cells in the AML TME during disease development. A previous report described an association between high (i.e., ≥78.5% of lymphocytes) T cell percentages in the bone marrow and improved overall and leukemia-free survival in newly diagnosed AML patients ([@r15]). There is evidence indicating some degree of T cell dysfunction in AML, including reduced ability of T cells to proliferate or produce cytokines, but studies are limited ([@r16][@r17][@r18][@r19][@r20][@r21][@r22][@r23]--[@r24]). The mechanism behind T cell impairment remains elusive but may be the result of secreted factors from AML blasts, with some restoration in function if lymphocytes are removed from the suppressive environment ([@r16], [@r18], [@r20], [@r23], [@r25]). Additionally, gene-expression profiling has demonstrated global differences in T cell transcription profiles within patients with AML ([@r18], [@r23]). At the phenotypic level, CD8^+^ T cells from patients with AML have been reported to have an increased expression of exhaustion and senescence molecules (e.g., CD57, TIGIT, TIM-3, and PD-1) compared to healthy donors ([@r23], [@r26][@r27]--[@r28]). This activated phenotype is increased in relapsed disease and p53-mutant AML, suggesting that specific subsets of the disease may be more responsive to therapies aimed at restoring T cell function ([@r23], [@r29]).

To further investigate the impact of AML disease on immune function, with a particular focus on the unique bone marrow microenvironment where AML originates and therapy-resistant cells may persist, we developed a multifaceted study employing phenotypic and functional approaches to comprehensively examine the role of T cells in AML. We characterized the bone marrow T cells in a set of 49 patients with AML at initial diagnosis. T cells from AML patients varied widely in their ability to respond to stimulation, including roughly one-third that showed profound impairment. In the majority of those suppressed samples, however, functional responsiveness could be restored by interfering with checkpoint pathways, with PD-1 blockade being the most potent. We further associated T cell dysfunction with changes in the distribution of naïve and effector T cells. Finally, with clinical data on 80 newly diagnosed AML patients with a diagnostic bone marrow sample that was analyzed by flow cytometry, we found that a higher T cell percentage (of lymphocytes) in the TME correlated with longer patient survival, suggesting that T cells make important contributions to the status and outcome of disease.

Results {#s1}
=======

Functional Assessment of T Cells in Newly Diagnosed AML. {#s2}
--------------------------------------------------------

One of our primary goals for these studies was to determine the functional status of T cells in the bone marrow of patients with AML. To assess the impact of the immune microenvironment on T cell function, we assayed AML samples to measure the ability of T cells to proliferate and produce cytokines. Forty-nine bone marrow samples from patients with newly diagnosed AML were evaluated (patient characteristics listed in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)). For functional comparisons, eight bone marrow samples were obtained from healthy donors. We determined T cell proliferation after stimulation of total bone marrow mononuclear cells (BMMC) with anti-CD3 agonistic antibody, allowing costimulation or inhibition to come from the surrounding cells. After 5 d of culture, we used flow cytometry to identify T cells (defined as positive for CD3 and single-positive for either CD4 or CD8) and assess their proliferation as measured by the dilution of CellTrace Violet (CTV). We observed samples in which the T cells did not dilute CTV after 5 d of anti-CD3 treatment ([Fig. 1 *A*](#fig01){ref-type="fig"}, *Upper*, green histogram), which was similar to wells that contained an irrelevant control mouse IgG (mIgG) ([Fig. 1 *A*](#fig01){ref-type="fig"}, *Upper*, red histogram). In contrast, we found that many samples responded to anti-CD3 by diluting CTV, with varying numbers of divisions ([Fig. 1 *A*](#fig01){ref-type="fig"}, *Lower*histograms). In these samples, T cell division occurred in both CD4^+^ and CD8^+^ subpopulations ([Fig. 1 *A*](#fig01){ref-type="fig"}, *Right*).

![Impaired T cell proliferation and cytokine production in response to TCR stimulation in a subset of patients with AML. (*A*) Proliferation of T cells from two representative AML samples. CTV dilution by T cells is shown as histograms (mIgG, red; anti-CD3, green) or dot plots (CTV vs. CD8) of a nonproliferator (*Upper*) or a proliferator (*Lower*). (*B*) Summary of T cell proliferation data for all AML (*n* = 49) and healthy donor (*n* = 8) samples from the functional assay cohort. Dashed horizontal lines indicate cutoffs for the proliferator group (proliferation value \> 50%, *n* = 20) and the nonproliferator group (proliferation value \< 5%, *n* = 18). (*C*) Cytokine measurements from supernatants of cultures incubated with anti-CD3 + mIgG, categorized as proliferators or nonproliferators (error bars = SEM). *P* values shown are from a Student's *t* test between groups and have not been adjusted for multiple comparisons. (*D*) Comparison of T cell proliferation in matched blood and bone marrow samples. Data shown are percentage of T cells diluting CTV as in *B*. Samples are grouped into proliferators (*Left*, *n* = 12) and nonproliferators (*Right*, *n* = 10) as defined in *B*. Statistical test for *D* is paired Student's *t* test.](pnas.1916206117fig01){#fig01}

From this assessment of T cell function, AML samples were classified as either "proliferators" or "nonproliferators." We assumed that AML samples with no T cell proliferative defect would behave similarly to samples from healthy donor bone marrow. Thus, if a sample's proliferation value (defined as the percentage of T cells diluting CTV after anti-CD3 stimulation minus the percentage after treatment with control mIgG) was above the minimum proliferation value among the healthy donors (i.e., 50%), the sample was classified as a proliferator. On the other hand, samples were classified as nonproliferators if their anti-CD3--induced proliferation was less than 5%. A summary of T cell proliferation for the 49 BMMC samples is displayed in [Fig. 1*B*](#fig01){ref-type="fig"}, with red dotted lines indicating cutoffs for proliferators (*n* = 20, 40.8%) and nonproliferators (*n* = 18, 36.7%). The group of samples with anti-CD3--stimulated proliferation between 5% and 50% (*n* = 11, 22.4%) was excluded from further analysis in order to focus on the most extreme phenotypes. In addition to cell proliferation, we measured the production of cytokines in the cell culture supernatants of each sample following anti-CD3 stimulation. We detected significantly increased concentrations of IFN-γ, IL-2, TNF-α, IL-6, IL-10, IL-5, IL-4, IL-17A, IL-17F, IL-9, IL-13, and IL-22 in proliferators compared to nonproliferators ([Fig. 1*C*](#fig01){ref-type="fig"}).

Whether T cells residing in the AML bone marrow microenvironment are functionally and phenotypically different from those circulating in the blood is of great interest. Furthermore, knowing whether T cells in the blood are similar to those in the bone marrow would facilitate immune monitoring in clinical trials. Therefore, in addition to bone marrow-derived T cells, we examined peripheral blood T cells from a subset of our patient pool for which we received a matched peripheral blood sample at the same time as bone marrow. We hypothesized that the T cell proliferation that we observed in the bone marrow would be evident in the peripheral blood. The matched blood samples (*n* = 22) represented 12 proliferators and 10 nonproliferators, as defined by assay results with their corresponding bone marrow. Ten of the 12 samples we identified as proliferators from the bone marrow still met that criteria in the blood, while 2 had decreased T cell proliferation (88.8 to 35.2% and 72.1 to 22.3% T cell division) ([Fig. 1 *D*](#fig01){ref-type="fig"}, *Left*). Of the 10 blood samples that we identified as bone marrow nonproliferators, 2 showed marked proliferation by blood-derived T cells (0.1 to 57.3% and 1.1 to 38.1% T cell division) ([Fig. 1 *D*](#fig01){ref-type="fig"}, *Right*). As a result, although we did observe differences in proliferation status in a few matched samples, we did not find significant or consistent functional differences between blood and bone marrow resident T cells.

T Cell Suppression Is Associated with an Increased Naïve to Effector Memory T Cell Ratio. {#s3}
-----------------------------------------------------------------------------------------

Along with determining the T cell functional status of our cohort, we performed mass spectrometry-based flow cytometry (CyTOF) to identify phenotypic parameters associated with each group. We quantified the major subsets of T cells for the samples in this cohort. We found no association between proliferation status and the percentages of total T cells (CD45^+^ CD3^+^) or CD4^+^ or CD8^+^ T cell subsets in AML bone marrow ([Fig. 2*A*](#fig02){ref-type="fig"}).

![Impaired T cell proliferation is associated with an increase in naïve CCR7^+^ CD45RA^+^ T cell phenotype. (*A*) Frequency of T cells of all live cells (*Left*) and frequency of CD4^+^ (*Center*) or CD8^+^ (*Right*) of T cells. (*B*) Concatenated files representing all samples in the proliferator group (*Upper*) or nonproliferator group (*Lower*) projected in tSNE after gating on CD3^+^ cells. Distribution of CD4^+^ and CD8^+^ T cell subsets is shown in blue and orange, respectively (first column). Density plots show regions with reduced representation in the proliferator samples (second column). Intensity of CD45RA and CCR7 are mapped to the projections (third and fourth columns). (*C*) Representative plots of CCR7 vs. CD45RA staining from a sample in each group. (*D*) Percentages of T cell subpopulations gated on all T cells (*Left* column), CD4^+^ T cells (*Center* column), or CD8^+^ T cells (*Right* column). Differences in phenotypic distribution of TN (CCR7^+^ CD45RA^+^, *Upper*), TEM (CCR7^−^ CD45RA^−^, second row), TCM (CCR7^+^ CD45RA^−^, third row), and TEMRA (CCR7^−^ CD45RA^+^, *Lower*) T cell subsets. (*E*) T cell phenotype in an individual patient at diagnosis and after chemotherapy-induced remission. Frequency of CCR7^+^ CD45RA^+^ for indicated T cell subsets at the time of diagnosis (*Left* column) and remission (*Right* column). (*F*) CTV dilution from sample in *E* in response to incubation with mIgG + mIgG (red histogram) or anti-CD3 + mIgG (green histogram). (*G*) Frequency of T cells positive for PD-1, TIM-3, and CTLA-4 as a percentage of all CD3^+^ (*Left*), and CD4^+^ (*Center*) or CD8^+^ (*Right*) T cells, comparing proliferators (orange) and nonproliferators (blue). (*H*) Percentage of cells positive for PD-1, TIM-3, and CTLA-4 on CD8^+^ TN, TEM, TCM, and TEMRA subsets as defined in *D*. Bars represent mean ± SEM. Statistical tests are Student's *t* test for *A* and *D*, one-way ANOVA with multiple comparisons of groups shown. Bonferroni correction for multiple testing was used.](pnas.1916206117fig02){#fig02}

In order to compare and identify differences in T cells classified as proliferators vs. nonproliferators, we concatenated the flow cytometry files and gated on the CD45^+^ CD3^+^ population. After down-sampling to 10,000 events per projection, we displayed the data using t-distributed stochastic neighbor-embedding (tSNE) based on all surface markers except gating parameters ([Fig. 2*B*](#fig02){ref-type="fig"}). We first color-coded the data based on CD4^+^ and CD8^+^ populations to confirm that our tSNE projections clearly resolved these major populations. When the T cells were projected based on event density, several populations emerged that were found to be greater in the nonproliferator group compared to the proliferator group (gated regions).

We then analyzed the distribution of CD45RA and CCR7 in order to identify the differentiation status of the T cells present in these AML samples ([@r30], [@r31]). We found that nonproliferator samples displayed an enrichment of T cells in the space corresponding to both CD45RA and CCR7 expression. We next analyzed the expression of CCR7 and CD45RA in each individual sample. We present a representative dot plot of CCR7 vs. CD45RA staining from the proliferator ([Fig. 2 *C*](#fig02){ref-type="fig"}, *Upper*) or nonproliferator [Fig. 2 *C*](#fig02){ref-type="fig"}, *Lower*) group. The T cell status of individual samples based on CCR7 and CD45RA expression is summarized in [Fig. 2*D*](#fig02){ref-type="fig"}. As expected from the tSNE analysis, we observed an enrichment in T cells expressing high levels of CCR7 and CD45RA, particularly in the CD8^+^ subset, in those samples that failed to proliferate compared to the samples that did. This increase in CCR7^+^ CD45RA^+^ "naïve" cells (TN) was at the expense of the CCR7^−^ CD45RA^−^ "effector memory" population (TEM). We did not observe statistically significant differences in the CCR7^+^ CD45RA^−^ (TCM) or CCR7^−^ CD45RA^+^ (TEMRA) populations residing in AML bone marrow.

In a single patient, we compared the disease status, phenotype and proliferative capacity of bone marrow T cells at the time of diagnosis and at remission following induction chemotherapy. The patient was diagnosed with normal karyotype AML containing mutations in FLT3 (non-ITD), DNMT3A, NPM1, NRAS, and TET2 according to targeted sequencing. At the time of diagnosis, the patient had a white blood cell (WBC) count of 116 (×10^3^ cells/µL) with 51% blasts in the marrow. CCR7^+^ CD45RA^+^ cells accounted for 25% of total T cells, and 23% and 29% of CD4^+^ and CD8^+^ T cell subsets, respectively ([Fig. 2*E*](#fig02){ref-type="fig"}). After attaining remission following induction chemotherapy (∼3-wk postdiagnosis), the blast count was reduced to 1.5% and the patient tested negative for all of the previously detected mutations except DNMT3A. In this sample, the percentage of CCR7^+^ CD45RA^+^ cells was reduced to roughly half of the diagnostic sample. Functionally, T cell proliferation was impaired in response to anti-CD3 at the time of diagnosis ([Fig. 2*F*](#fig02){ref-type="fig"}, green histogram anti-CD3, red histogram mIgG control). At the time of remission, however, proliferative ability of both CD4^+^ and CD8^+^ T cell subsets was restored.

The impaired T cell responses that we observed in the nonproliferator group may be due to high levels of checkpoint molecule or ligand expession on the T cells or tumor. To test this possibility, we compared the positivity of PD-1, TIM-3, and CTLA-4 on T cells in the proliferator ([Fig. 2*G*](#fig02){ref-type="fig"}, orange) vs. the nonproliferator ([Fig. 2*G*](#fig02){ref-type="fig"}, blue) groups. We first examined these molecules on total T cells (CD3^+^), CD4^+^, and CD8^+^ subsets ([Fig. 2*G*](#fig02){ref-type="fig"}). We found that there was no difference in the percentage of T cells expressing PD-1 or TIM-3. Interestingly, we did observe an enrichment in the percentage of CTLA-4^+^ cells in all T cells, as well as CD4^+^ and CD8^+^ subsets. When we analyzed the CD8^+^ TN, TEM, TCM, and TEMRA subsets, we detected a similar result as in the total CD8^+^ T cells ([Fig. 2*H*](#fig02){ref-type="fig"}). We found the lowest percentages of T cells expressing PD-1, TIM-3, and CTLA-4 in the TN and TCM populations and higher percentages in the TEM and TEMRA, as expected ([@r32], [@r33]).

Association of T Cell Proliferative Capacity with Clinical Parameters. {#s4}
----------------------------------------------------------------------

AML is a heterogeneous disease with a large diversity of mutations within each patient. We accessed whole-exome sequencing data from Vizome ([http://www.vizome.org](http://www.vizome.org/)) to obtain the mutation data for the patient cohort that was analyzed for T cell function. A comparison of proliferators and nonproliferators (*n* = 19 and *n* = 17, respectively; data unavailable for one sample from each functional group) is displayed in [Fig. 3*A*](#fig03){ref-type="fig"}, with individual samples in each column and mutations ranked in order of prevalence. There was no observable difference in mutation profiles between the proliferators and nonproliferators. There was also no association between proliferation group and having a FLT3-ITD or NPM1 frameshift, the most common mutations in AML ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)).

![Comparison of clinical characteristics of proliferator and nonproliferator samples. (*A*) Mutations from whole exome sequencing, ranked in order of prevalence. (*B*--*D*) Box-and-whisker plots denoting medians and interquartile ranges of (*B*) age of patient at time of sample collection, (*C*) WBC count in peripheral blood and (*D*) blast percentage in the bone marrow. *P* values are from the Kruskal--Wallis test. (*E*) ELN risk group distribution.](pnas.1916206117fig03){#fig03}

To determine if other clinical or genetic parameters correlated with functional differences of bone marrow T cells from AML patients, we examined patient age ([Fig. 3*B*](#fig03){ref-type="fig"}), WBC count in peripheral blood ([Fig. 3*C*](#fig03){ref-type="fig"}), blast percentage in the bone marrow ([Fig. 3*D*](#fig03){ref-type="fig"}), European LeukemiaNet (ELN) prognostic risk group ([Fig. 3*E*](#fig03){ref-type="fig"}), and other features listed in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental). We found that nonproliferators had a higher blast percentage (*P* = 0.050). However, "adverse" ELN risk (a group that includes complex karyotypes) did not correlate with anti-CD3 T cell proliferation status. Thus, despite prior findings that p53 mutations and complex karyotypes correlate with increased immune checkpoint expression, the T cell impairment we observed in our nonproliferator group could not be linked to abnormal cytogenetics ([@r29]).

Suppression of T Cell Proliferation through Immune Checkpoint Molecules. {#s5}
------------------------------------------------------------------------

In an effort to understand the mechanisms underlying T cell suppression in AML samples, we added blocking antibodies against the checkpoint molecules PD-1, CTLA-4, and TIM3 to the proliferation assays. Results from these experiments revealed that in a majority of samples where anti-CD3 + mIgG did not induce T cell proliferation, anti-CD3 in combination with checkpoint blockade did effect some T cell division. [Fig. 4*A*](#fig04){ref-type="fig"} shows one sample in which T cells were nonresponsive to anti-CD3 + mIgG treatment but proliferated, to varying degrees, with the addition of a CPI. The response of T cells to CPI for all 18 nonproliferator samples is summarized in [Fig. 4*B*](#fig04){ref-type="fig"}. Numbers within boxes ([Fig. 4*B*](#fig04){ref-type="fig"}) represent the fold-change in proliferation, as determined by the proliferation measured with anti-CD3 and PD-1, CTLA-4, or TIM3 antibody treatment divided by the proliferation with anti-CD3 + mIgG (see [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental) for absolute proliferation data for all samples). Nonproliferators were considered "checkpoint responders" if proliferation increased five-fold over anti-CD3 + mIgG with the addition of a specific CPI (12 of 18, 67%, indicated in blue in [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)). We found no association between CPI response and age, blast percentage in the marrow, or WBC count ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)).

![Impaired T cell proliferation in response to TCR ligation can be reversed by immune checkpoint blockade in a subset of patients. (*A*) A representative "checkpoint responder" showing CTV dilution with the addition of antibodies against PD-1, CTLA-4, and TIM3. (*B*) A summary of the responses of all nonproliferators to checkpoint molecule blockade. Numbers within boxes represent the fold-change in proliferation, as determined by the proliferation measured with anti-CD3 and PD-1, CTLA-4, or TIM3 antibody treatment divided by the proliferation with anti-CD3 + mIgG. Blue-shaded boxes indicate checkpoint responders, defined as samples with at least a five-fold increase in proliferation value when comparing anti-CD3 + checkpoint antibody to anti-CD3 + mIgG. (*C*) Summary of results from the the patient cohort assayed for T cell function (*n* = 49).](pnas.1916206117fig04){#fig04}

To summarize the results from our studies on the T cell proliferative response to TCR stimulation in AML bone marrow ([Fig. 4*C*](#fig04){ref-type="fig"}), we found that 41% of samples exhibited T cell proliferation similar to healthy donors, while 37% showed nearly complete inhibition of T cell proliferation (i.e., division in \<5% of T cells). The remaining samples (22%) displayed intermediate proliferation. Importantly, within the group of 18 nonproliferators, checkpoint blockade was able to induce T cell proliferation in 12 (67%) samples, with PD-1 blockade being the most effective.

Proliferation and Activation of T Cells Results in Secondary Immune Checkpoint Induction. {#s6}
-----------------------------------------------------------------------------------------

The presence of ligands that engage immune checkpoint molecules has been associated with clinical response to CPIs in some, but not all, tumor types ([@r34]). We measured the expression of PD-L1 by CyTOF and compared the levels in proliferator vs. nonproliferator AML samples. We found no association between PD-L1 expression on CD33^+^ cells and T cell response to anti-CD3 stimulation ([Fig. 5*A*](#fig05){ref-type="fig"}). We also examined expression of CD80, CD86, and VISTA on myeloid cells and found no statistically significant association between the percentage of positive myeloid cells and proliferation status ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)). One possible explanation for how patients are able to respond to CPI treatment without detectable staining of checkpoint ligands is that those ligands are up-regulated secondary to immune activation. Both PD-L1 and PD-L2 are induced on cells upon exposure to type 1 and type 2 interferons ([@r35]). Therefore, these ligands may be expressed at very low levels if tumor-induced T cell suppression is present. We measured the expression levels of PD-1 ligands in cells from the proliferation assay to assess the ability of non-T cells to up-regulate these ligands in response to T cell proliferation and cytokine production. In general, expression levels of PD-1 ligands were low in cultures with control mIgG, which does not induce T cells to proliferate ([Fig. 5 *B* and *C*](#fig05){ref-type="fig"}). In contrast, PD-1 ligand expression was up-regulated in the majority of cells in samples whose T cells proliferated after CD3 ligation. We found a strong association between the induction of PD-1 ligands and T cell receptor (TCR) stimulation in our 20 proliferator samples ([Fig. 5*C*](#fig05){ref-type="fig"}). As expected, there was also a highly significant correlation between IFN-γ levels and TCR stimulation in these same samples ([Fig. 5*D*](#fig05){ref-type="fig"}).

![Induction of checkpoint molecules in response to T cell proliferation and IFN-γ production. (*A*) PD-L1 expression on myeloid cells (CD33^+^) from the bone marrow of patients with AML. (*B*) Representative PD-1 ligand staining of a proliferator sample after 5 d of culture with either mIgG + mIgG (*Left*) or anti-CD3 + mIgG (*Right*). (*C* and *D*) Box-and-whisker plots denoting medians and interquartile ranges of (*C*) frequency of PD-1 ligand expressing cells and (*D*) IFN-γ from the culture supernatants of proliferator samples, with or without TCR stimulation. *P* values for *C* and *D* are from two-tailed paired *t* test.](pnas.1916206117fig05){#fig05}

We observed that CTLA-4, but not PD1 or TIM3, expression appeared to be increased on T cells from the nonproliferator group compared to proliferator ([Fig. 2*G*](#fig02){ref-type="fig"}). However, changes in expression of immune checkpoint molecules on the T cells during the proliferation assay culture period could contribute to impaired T cell proliferation. Therefore, we assessed expression levels of CTLA-4, PD1, and TIM3 on T cells following the proliferation assay culture. We found that after 5 d in culture with anti-CD3 (but not control mIgG) T cells in the proliferator group expressed PD-1, TIM-3, and CTLA-4, in both the divided (CTV diluted) and undivided (parental, CTV bright) populations ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)). In contrast, we did not observe expression of PD-1, TIM-3, or CTLA-4 in the mIgG- or CD3-treated samples in the nonproliferator group after 5 d of culture. It is likely that the induced expression of checkpoint molecules on T cells in the proliferator group is due to the culture environment since these can be up-regulated by both TCR engagement and cytokine exposure ([@r36][@r37][@r38]--[@r39]).

AML Overall Survival Is Associated with Bone Marrow T Cell Percentage at the Time of Diagnosis. {#s7}
-----------------------------------------------------------------------------------------------

Strong associations between T cell infiltration and clinical outcome have been observed in various tumor types ([@r8][@r9][@r10][@r11][@r12]--[@r13]). A study from Egypt involving 66 de novo AML patients reported a survival benefit for those with a higher T cell percentage (defined as ≥78.5% \[the sample mean\] of lymphocytes) in their bone marrow ([@r15]). We sought to validate the prognostic impact of T cell abundance by analyzing a larger North American cohort of 80 adults diagnosed with AML (76 de novo, 4 secondary AML) at Oregon Health & Science University (OHSU) between 2010 and 2016 (See [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental) for cohort details). This is a separate patient cohort from the "functional cohort" analyzed above for T cell proliferation, but includes five overlapping patient samples. After adjusting for prognostic factors (i.e., patient age, ELN risk group, WBC count, and blast percentage in the marrow, and type of AML \[de novo vs. secondary\]), we found a statistically significant association between bone marrow T cell percentage (of lymphocytes) at the time of AML diagnosis and subsequent overall survival (*P* = 0.021, hazard ratio \[HR\] = 0.86 \[95% CI: 0.76 to 0.98\] for each five-point increase in T cell percentage) ([Fig. 6*A*](#fig06){ref-type="fig"}). This significant correlation between a higher T cell percentage and longer survival was maintained when removing the three acute promyelocytic leukemia patients (*n* = 77, *P* = 0.016, HR = 0.86 \[95% CI: 0.75 to 0.97\] for each five-point increase) and when limiting analysis to the 69 patients who received standard induction chemotherapy (*P* = 0.028, HR = 0.85 \[95% CI: 0.74 to 0.98\] for each five-point increase). When dichotomizing T cell percentage using the sample median of 72.5% (range was 41.0 to 90.9%), the "high" T cell group had a significant survival advantage over the "low" T cell group (*P* = 0.030, HR = 0.50 \[95% CI: 0.26 to 0.95\]) ([Fig. 6*B*](#fig06){ref-type="fig"} and [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)). Upon controlling for the five prognostic factors mentioned above, the high T cell group had a 41% reduced risk of death compared to the low group that did not reach statistical significance (*P* = 0.128, HR = 0.59 \[95% CI: 0.30 to 1.17\]).

![Association between T cell relative abundance and overall survival. The T cell percentage of bone marrow lymphocytes at the time of AML diagnosis was evaluated for its association with overall survival. (*A*) Relative hazard of death (i.e., HR of T cell percentages compared to the median value of 72.5%, indicated as 0 on the *x* axis) across the range of observed T cell percent, as estimated from a Cox regression model that includes patient age, ELN risk group, bone marrow WBC count, bone marrow blast percent, and AML type as covariates. The T cell percent (as a continuous measure) *P* value of 0.021 is from a Wald test. The shaded area denotes the simulation-derived 95% CI for the relative hazard ([@bib79]). (*B*) Kaplan--Meier survival curves for "low" (red) and "high" (blue) T cell percentage groups, defined by dichotomizing on the sample median of 72.5%. The *P* value of 0.030 is from the log-rank (or score) test and HR of 0.50 is estimated from a univariable Cox model.](pnas.1916206117fig06){#fig06}

Discussion {#s8}
==========

In this study, our goal was to investigate the status and impact of bone marrow-resident T cells in AML. From previously published literature, it is clear that T cells are critical for both achieving and maintaining remissions in leukemia ([@r40][@r41][@r42]--[@r43]). T cells from AML bone marrow have global differences in transcription profiles compared to T cells from healthy donors ([@r24]). Changes have been identified in genes associated with cytoskeleton formation, resulting in impaired immune synapse formation and reduced T cell activation ([@r18]). Patients in complete remission from AML have been reported to have reduced CD4^+^ T cells, while proliferative function remained normal ([@r19]). Immune checkpoint-mediated failure of T cells to function, T cell exhaustion, and loss of MHC expression have been identified in patients relapsing after transplant ([@r44][@r45]--[@r46]). T cells have also been shown to be critical for the function of FLT3 inhibitors after relapse in both animal models and patients ([@r47]). Because the TME postchemotherapy, at relapse, or following allogeneic transplant is different from the TME prior to transplant, we sought to better understand whether immune evasion is present in the leukemic bone marrow niche prior to clinical treatment and if so, whether immune function and proliferation could be rescued through checkpoint blockade as in other tumor types. We identified a range of responses, from undetectable to extensive T cell proliferation and cytokine production in response to stimulation with 1 µg/mL anti-CD3. Schnorfeil et al. ([@r21]) concluded that T cells are functionally unimpaired at diagnosis or relapse. There are several possible explanations for these conflicting results. First, we chose to direct our studies on fresh noncryopreserved, whole bone marrow samples to preserve the complex TME and more closely represent in vivo conditions, while Schnorfeil et al. isolated T cells for their functional assays. Their functional assessments used stimulation of peripheral blood mononuclear cells (PBMCs) with PMA and ionomycin, which circumvents the TCR complex, or anti-CD3 and anti-CD28, both stronger stimuli than what was used in our study. Even with the stronger stimulation, which might overcome mild immune suppression, it was reported that the T cells produced less IFN-γ, which is consistent with our results. In addition, differences in the function of T cells from the bone marrow and blood have been reported and may contribute to some of the differences observed in our results ([@r27]). A study using a defined 10:1 blast/T cell ratio and stimulation with both anti-CD3 and anti-CD28 also found impaired T cell proliferation when compared to T cells from healthy donors. Blasts were able to suppress healthy donor T cells to a lesser extent than AML patient T cells, which suggests that T cells in the marrow of patients with AML might be functionally different from those in the marrow of healthy individuals. This suppression was reversible in six of nine samples by the addition of PD-1--blocking antibodies ([@r23]). We believe our data support what has been shown by these studies.

Fifty percent of T cells dividing with anti-CD3 stimulation was our cutoff for a sample to be categorized as a proliferator. This was based on the lowest proliferation rate that we observed in our eight healthy donor samples. Our source for control healthy samples was bone marrow cells that had been collected from donors for allogeneic transplants. As such, the mean age of the healthy donors is lower in comparison to the AML samples. Nonetheless, we do not believe that age alone is the responsible factor of T cell impairment in patients with AML for several reasons: 1) Of the seven youngest patients (in their 20s and 30s) in our cohort, six were nonproliferators, one was intermediate, and none were proliferator; 2) the oldest healthy donor (58 y of age) was highly proliferative (88% T cell proliferation); and 3) there was no association between age of patient and proliferation status, with the median age of proliferators and nonproliferators being 54 and 60 y of age, respectively ([*SI Appendix*, Table. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)).

We observed an association of the CCR7^+^ CD45RA^+^ T cell phenotype with samples showing suppressed T cell proliferation. This phenotype of T cells is described as naïve in the blood of healthy individuals ([@r30]). In AML bone marrow, this naïve cell population increased at the expense of the effector memory population (CCR7^−^ CD45RA^−^) in the nonproliferator group ([Fig. 2*D*](#fig02){ref-type="fig"}). In some samples that displayed suppressed proliferation, the CCR7^+^ CD45RA^+^ population was greater than 80% of all T cells. It was surprising to find such high percentages of naïve T cells in the marrow of patients with AML. In healthy people, naïve T cell subsets decline with age; the population of CD4^+^ naïve T cells decreases from comprising ∼50% of the T cell population in people in their 20s to below 40% in people in their early 70s. There is a more dramatic drop for CD8^+^ naïve T cells across this same age span, falling from 50% to below 20% ([@r48]). As a consequence, it is possible that the cells displaying this phenotype in AML samples are not typical naïve T cell subsets. In support of this hypothesis, one study has described a CCR7^+^ CD45RA^+^ autoreactive Melan-A-specific CD8^+^ T cell population in healthy people that were suppressed, via regulatory T cells, in their ability to both proliferate and produce cytokines in response to TCR ligation ([@r49]). Other studies have also associated the naïve marker of CR45RA with anergic T cells ([@r50]). Further studies are needed to better understand the dynamics of T cell populations in the marrow of patients with AML.

Interestingly, we identified a patient whose T cells were unable to proliferate in response to TCR stimulation at the time of diagnosis but whose immunosuppression was reversed upon chemotherapy-induced tumor regression, demonstrating that normal immune function can be restored after the tumor burden is removed ([Fig. 2*F*](#fig02){ref-type="fig"}). This recovery corresponded with a decrease in the CCR7^+^ CD45RA^+^ population from diagnosis to remission (CD4^+^: 23.3 to 10.1%, CD8^+^: 29.3 to 15.6%) ([Fig. 2*E*](#fig02){ref-type="fig"}). These observations support the notion that the T cell suppression observed in some AML patients can be attributed to the presence of the tumor.

As with AML in general, the samples in our two cohorts were genetically heterogeneous ([Fig. 3](#fig03){ref-type="fig"} and [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)) ([@r51], [@r52]). Available mutational information of the proliferator and nonproliferator groups did not reveal a clear association between the degree of immune suppression observed in our assays and common driver mutations, such as FLT3-ITD or NPM1. Our findings corroborate recent publications that describe an association, in AML samples, between CD8^+^ T cell function and the expression of genes involved in myeloid cell and leukocyte activation, immune regulation, and response to IFN-γ ([@r23]). Further studies are needed to better understand the functional differences in these pathways between subjects with highly proliferative vs. nonproliferative T cells. For example, hypoxia signaling promotes a protumorigenic microenvironment for many cancers, including AML, and leads to therapeutic resistance ([@r53], [@r54]). Changes in the expression of genes involved in this pathway suggest that patients with AML may have dysregulation in the tumor immune environment in addition to variation in T cell proliferation and function. This highlights the need to develop therapeutic strategies, such as CPIs, that target the immune environment to enhance and restimulate immune activation in patients with AML.

One important consideration beyond the scope of these studies is the question of antigen specificity. Our assay was designed to measure the effect of the immune environment on T cell responses downstream of TCR ligation. Response to CPI has been associated with diseases bearing a high mutational burden, including tumors with microsatellite instability ([@r55][@r56]--[@r57]). AML is a disease of relatively low mutational burden compared to other cancer types ([@r58]). Nonetheless, there are common mutations, such as the NPM1 frameshifts, that form functional CD8 epitopes ([@r59]). We (and others) are currently interrogating the immunogenic epitope repertoire in large cohorts of AML patients to identify other potential T cell targets. In addition to mutated antigens, T cell responses with specificity against tumor-associated antigens, such as WT1, RAGE, PRAME, and others have been detected ([@r60]). Despite the high percentage of patients that display expression and recognition of tumor-associated antigens, the occurrence of disease progression suggests the presence of antigen-specific immune suppression. Our results demonstrate that T cells are nonfunctional in a subset of patients and that, in some cases, one mechanism is through immune checkpoint molecules, many of which have been shown to be expressed by AML T cells ([@r23], [@r27][@r28]--[@r29], [@r61][@r62][@r63]--[@r64]). These findings may explain both the progression of disease in the presence of tumor-associated antigen responses and the poor clinical responses to AML vaccines to date ([@r65]). Recently, LILRB4, expressed on AML blasts of the monocytic (M4 and M5) subtypes, was found to regulate T cell proliferation ([@r66]). The inhibition caused by LILRB4^+^ AML cells was shown to be due to increased arginase function. Such findings indicate that the T cell suppressive effect of AML is complex and likely involves multiple mechanisms that include checkpoint molecules and other inhibitory enzymes, such as arginase and IDO/TDO ([@r6]).

There is currently great clinical interest in immune-based therapies for AML, with over 30 clinical trials that are testing CPIs for AML and myelodysplastic syndrome. The majority of these trials target PD-1, but CTLA-4 and TIM-3 blockade are also being evaluated ([@r6]). In the largest trial to date, Daver et al. ([@r67], [@r68]) showed encouraging results for patients with relapsed or refractory AML that were treated with combined anti-PD1 blockade (nivolumab) and a hypomethylating agent. Of the 70 patients that were treated, there was an overall response rate of 33% (*n* = 23), with 15 of these patients achieving either a complete remission or a complete remission with insufficient recovery of counts. Potential biomarkers of response were increased percentages of CD3^+^ and CD8^+^ T cells in the pretherapy bone marrow. Conversely, increased expression of CTLA-4 on effector CD4^+^ and CD8^+^ T cells was a predictor of a lack of response ([@r68]). Interestingly, in our studies we found an association between lack of T cell function and higher percentages of CTLA-4^+^ T cells ([Fig. 2 *G* and *H*](#fig02){ref-type="fig"}). While a consistently predictive measure has not been identified, these data suggest that there may a subpopulation of patients who may respond to CPIs and that pretherapy bone marrow could be a window into identifying these patients.

The most appropriate timing of administering CPIs in the clinical setting is unclear. Immune escape has been hypothesized as a contributor to the development of de novo disease and as a mechanism for relapse ([@r69]). Based on this assumption, there may be a role for CPIs during multiple phases of treatment. This is highlighted by the case discussed above ([Fig. 2 *E* and *F*](#fig02){ref-type="fig"}), where the patient had different degrees of immune dysfunction during different treatment timepoints. For CPIs to be effective, it is likely that a patient must have an adequate lymphocyte count, which may not be the case following a round of high-dose chemotherapy. Alternatively, the use of CPIs in the posttransplant setting is very enticing given their potential for enhancing the graft-vs.-leukemia effect. This potential for increased efficacy must be balanced with the risk of exacerbating graft-vs.-host disease, which can be fatal ([@r70]). Davids et al. ([@r71]) reported on 12 patients with AML who were treated with ipilimumab following an allogeneic stem cell transplant. Five of these patients achieved a complete response, with four having extramedullary disease, including three with leukemia cutis and one with myeloid sarcoma. Predictors of response were associated with in situ infiltration of CD8^+^ T cells, as well as enrichment of effector T cell subsets. This again suggests that, while only a minority of patients to date has shown benefit from CPIs, microenvironment features may help to identify those that may respond and allow clinicians to tailor immune-based therapies to the patient.

In summary, we have phenotypically and functionally characterized the bone marrow-resident T cells in patients with newly diagnosed AML. In a cohort of 80 patients, we found increased overall survival in those who displayed a higher percentage of T cells in their bone marrow, as has been described in other cancers ([@r8][@r9][@r10][@r11]--[@r12], [@r14], [@r72]). Furthermore, we have identified T cell suppression in a significant subset of patients with AML. This functional impairment appears to associate with blast count in the bone marrow but not with age, WBC count, ELN risk, or with the most common mutations found in AML. Impaired T cell proliferation was associated with an increase in T cell populations bearing a naïve phenotype. Remarkably, in the majority of samples that exhibited immunosuppression, some proliferative capacity was restored by blockade of one or more immune checkpoints. While expression of PD-1 ligands was low on cells analyzed prior to culturing to measure functional capacity, these were highly up-regulated in samples that displayed T cell proliferation. The findings from our study contribute to the growing body of literature regarding the use of CPIs in patients with hematologic malignancies and predictive models for efficacy ([@r73], [@r74]).

Methods {#s9}
=======

Specimens for T Cell Function Studies. {#s10}
--------------------------------------

Bone marrow and peripheral blood samples from patients with newly diagnosed AML were obtained as part of the Beat AML study, approved by the Institutional Review Board (IRB) at OHSU (Protocol \#4422) ([@r75]). Informed consent was obtained from all subjects in this study. Clinical annotations for individual samples (age, gender, WBC counts from corresponding peripheral blood, blast percent of bone marrow cells, mutation data) were retrieved from the BeatAML (lls scor) database from our AML cohort \[as previously reported ([@r75]) and available at [http://www.vizome.org](http://www.vizome.org/)\] and through electronic medical records of the patient. Healthy donor bone marrow cells were de-identified and obtained by collecting residual cells from clinical transplant bags, considered medical waste.

T Cell Proliferation Assays and Cytokine Measurements. {#s11}
------------------------------------------------------

Bone marrow aspirates and peripheral blood samples were subjected to Ficoll density gradient centrifugation to isolate BMMC or PBMC. All experiments were performed using freshly isolated cells. Total BMMC or PBMC were labeled with CTV (ThermoFisher) and cultured in 96-well plates coated with 1 µg/mL anti-CD3 (UCHT1) or control mIgG (MOPC-21). (All antibodies were purchased from BioLegend, unless noted otherwise.) Groups of wells also contained one of the following soluble antibodies at 10 μg/mL: Anti-CTLA-4 (L3D10), anti-PD-1 (EH12.2H7), anti-TIM3 (344823, R&D Systems), or control mIgG (MOPC-21). After 5 d, cells were stained with antibodies specific to CD45 (HI30), CD3 (HIT3a), CD4 (RPA-T4), CD8 (RPA-T8), CD33 (WM53), CD38 (HIT2), PD-L1 (M1H1, Becton Dickinson), PD-L2 (24F.10C12), PD-1 (MIH4, BD), TIM3 (7D3, BD), and CTLA-4 (BNI3, BD). Viability was determined by Zombie Aqua (BioLegend) staining and doublets were gated out of analysis by FSC-A vs. FSC-H. T cell proliferation was quantified based on the percentage of T cells (defined as CD3^+^ and single-positive for CD4 and CD8) that underwent at least one division from the parent population: Proliferation value (percent divided) = the percentage of T cells diluting CTV with anti-CD3 + mIgG minus the percentage of T cells diluting CTV with control mIgG + mIgG. Flow cytometry data were acquired on a BD LSRFortessa and analyzed using FlowJo v10 software.

Supernatants from the proliferation assay cultures were retained for cytokine analysis. Levels of IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-21, IL-22, IFN-γ, and TNF-α were measured by multiplex bead-based assay (LEGENDplex, BioLegend).

Immunophenotyping by CyTOF. {#s12}
---------------------------

Samples were stained for surface and intracellular molecules following protocols from Fluidigm, as detailed in [*SI Appendix*, *Supplemental Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental) and as published in Lamble et al. ([@r76]), and analyzed on a CyTOF 1 instrument. Two separate panels of antibodies were used for phenotyping ([*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental)). All analyses were carried out using Cytobank.

Clinical Outcome Association with Bone Marrow T Cell Abundance. {#s13}
---------------------------------------------------------------

Adult newly diagnosed AML patients (including three patients with antecedent hematological disorder and one with therapy-related AML) at OHSU, diagnosed between September 2010 and March 2016, with a bone marrow biopsy examined by the clinical flow cytometry laboratory at OHSU were analyzed (IRB Protocol \#2305). The bone marrow samples of all included patients were immunophenotyped with multicolor flow cytometry and run on a targeted next-generation sequencing panel. Bone marrow cell estimates included WBC counts, blast percentages, and lymphocyte percentages. Subgroups of CD3^+^ T cells were defined by CD4 and CD8 expression to identify helper and cytotoxic T cells, respectively. T cell numbers (cells per microliter) were estimated using each group's percentage of total lymphocytes and the size of the lymphocyte population (defined by CD45 expression and minimal side scatter). Besides marrow cell percentages and absolute numbers (per microliter), patient and sample characteristics that were considered as potential prognostic factors included AML type (de novo vs. secondary), gender, age, mutation calls (and allele frequencies) from the next-generation sequencing panel, and cytogenetic abnormalities as detected from standard karyotyping and FISH. The genomic and cytogenetic data were used to classify patients into risk groups (i.e., favorable, intermediate, adverse) according to the 2017 ELN recommendations ([@r77]). Overall survival was measured from the AML diagnosis date to the date of death or last contact and was estimated using the Kaplan--Meier method. Transplant status was considered as a time-varying covariate but was found to be unrelated to the risk of death. The association between patient characteristics and overall survival was evaluated with nonparametric log-rank tests (for categorical variables) and semiparametric Cox regression after checking the proportional hazards assumption by inspecting scaled Schoenfeld residuals. Univariable Cox regression produced unadjusted HR while multivariable models were built for each immune cell population by considering as covariates those patient and disease features that 1) correlated with survival time in the univariable setting or 2) are known to impact AML prognosis. Thus, HRs from these multivariable models quantify the relative risk of death for specific immune cell (e.g., CD3^+^ T cell) levels in the marrow when controlling for other prognostic factors.

Data Availability. {#s14}
------------------

The data and protocols supporting the findings of this study are in the main text and [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916206117/-/DCSupplemental). Other associated data are available from the corresponding author upon request.
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